First experimental results from a room-temperature table-top phase-sensitive axion haloscope experiment are presented. A dual-mode configuration exploits the axion-photon coupling, which serves as a source of frequency modulation in microwave cavity resonances, offering a new pathway to axion detection with certain advantages over the traditional haloscope method. A tunable copper cavity supports orthogonally polarized microwave modes, enabling simultaneous sensitivity to axions with masses corresponding to the sum and difference of the microwave frequencies. The results place axion exclusion limits between 11.6 -19.4 neV, excluding a minimal coupling strength above ∼ 5 × 10 −7 1/GeV, and simultaneously place limits between 74.45 -74.46 µeV at ∼ 2 × 10 −3 1/GeV, after a measurement period of two hours. We show that, in some frequency ranges, a cryogenic implementation of this technique, ambitious but realizable, may reach axion model limits.
First experimental results from a room-temperature table-top phase-sensitive axion haloscope experiment are presented. A dual-mode configuration exploits the axion-photon coupling, which serves as a source of frequency modulation in microwave cavity resonances, offering a new pathway to axion detection with certain advantages over the traditional haloscope method. A tunable copper cavity supports orthogonally polarized microwave modes, enabling simultaneous sensitivity to axions with masses corresponding to the sum and difference of the microwave frequencies. The results place axion exclusion limits between 11.6 -19.4 neV, excluding a minimal coupling strength above ∼ 5 × 10 −7 1/GeV, and simultaneously place limits between 74.45 -74.46 µeV at ∼ 2 × 10 −3 1/GeV, after a measurement period of two hours. We show that, in some frequency ranges, a cryogenic implementation of this technique, ambitious but realizable, may reach axion model limits.
Uncovering the nature of dark matter in our universe has become an important focus in modern physics. Low-mass particle candidates, such as WISPs (weaklyinteracting sub-eV particles), are increasingly popular, and ripe for experimentation, partially due to the fact that no appropriate high-energy particle has been detected as yet [1] . The axion, a theorized Nambu-Goldstone boson emerging from the Peccei-Quinn (PQ) solution to the strong charge-parity (CP) problem of the Standard Model [2] [3] [4] , is a popular suspect for WISP cold dark matter, with a mass poorly constrained by theory; several orders of magnitude are available for exploration [5] [6] [7] [8] . In this work, we present the UPLOAD-DOWNLOAD (UPconversion Loop Oscillator Axion Detection -DOWNconversion Loop Oscillator Axion Detection) experiment, which can be configured to cover a large portion of the as yet unexplored axion mass region.
The majority of axion detection experiments are 'haloscopes', which aim to directly detect power deposition from the conversion of galactic halo axions into photons through the inverse Primakoff effect, as predicted by the axion-augmented QCD Lagrangian [9] [10] . Experiments such as the well-established Axion Dark Matter eXperiment (ADMX) [11] , the ORGAN Experiment [12] , HAYSTAC [13] , and CULTASK [14] have hitherto depended upon low-noise microwave receivers and cryogenic cooling to detect excess real microwave photons produced in a low-loss microwave cavity surrounded by a strong DC magnetic field.
The design of UPLOAD-DOWNLOAD is similar to the traditional haloscope, but crucial differences could lend it a significant boost in sensitivity and bandwidth. It is the first in a new detection class based on frequency and phase metrology, instead of purely power detection. While most haloscopes attempt to scatter axions off some virtual photon source, the Primakoff process should generate equally-detectable products in the presence of real photons, as noted by Sikivie in 2010 [15] . Based on this observation, the 'AC' haloscope was proposed.
Experimentally, this design enables one to scan for a coherent phase modulation (equivalently, a frequency modulation) induced by the axion-photon coupling [16] , with the axion effectively coupling two microwave modes, and inducing modulation. The thermal noise of the resonator limits the system's frequency stability and therefore our ability to sense the predicted modulation. Advantageously, the method has the potential to be broadband at low frequencies, relying upon the bandwidth of the frequency discriminator; an optical implementation could cover gigahertz in a single measurement.
The results produced in this Letter place limits on axion-photon coupling in the MHz and GHz frequency ranges by observing the absence of axion-induced frequency modulation in orthogonally oriented electromagnetic modes oscillating within a small cylindrical copper cavity at room temperature.
The axion-photon interaction component of the labframe system's Hamiltonian density is familiarly parameterized as
where E and B represent the electric and magnetic fields, a is the scalar axion-like field, c is the speed of light, 0 is the dielectric permittivity of free space [17] , and g aγγ is the axion-photon coupling strength. The Hamiltonian can be expanded to account for the electric and magnetic field distributions of two photonic modes. The interaction may be rewritten in terms of creation and annihilation operators as where ξ ± = ξ 1 ± ξ 2 encodes the geometric overlapping of the modes and g eff = gaγγ 2
√ ω 1 ω 2 , where ω 1 and ω 2 are resonant angular frequencies of the photon modes. We find that the following regimes satisfy the Hamiltonian:
where neither of the angular frequencies are zero (see [16] ). In essence, the axion-photon interaction is such that the axion field couples two microwave oscillators together when the axion frequency is at the sum or difference of the microwave frequencies. As will be described, our technique is to detect small frequency shifts (i.e. fluctuations/instability/noise/modulation) arising from this trilinear coupling. In signal processing, these frequency shifts may equally be interpreted as phase shifts in the microwave signals [18] . Experimentally, loop oscillators, consisting of phase shifters and sustaining amplifiers, are used to amplify and maintain the two thermally induced microwave resonances within the chosen resonator. One or both signals may then be coupled into a phase detector for analysis [19] . The phase shift from the axion coupling which we desire to detect in the event of axion upconversion or downconversion arises from relaxing the frequency relations from Equation 3 to:
with Ω ω 1 representing a small frequency offset -the Fourier frequency at which we would expect to observe the signal. In this new formulation, the axion amplitude is a slowly varying parameter in the equations of motion. A derivation of the transfer function from this slowly varying axion amplitude to resultant phase modulation in the photonic cavity modes can be found in Appendix B of [16] .
This axion-photon-coupling-induced phase modulation contribution would appear in the total Fourier spectral density of phase fluctuations of the system, S D/U δφ,i (rads 2 /Hz), in addition to the oscillator's technical fluctuations, S θ (f ), obeying the following relation:
wherex j /x i is the ratio of steady state amplitudes, S A (f ) is axion field amplitude spectral density at f (in units of axion field amplitude squared), and γ i is the system linewidth. The multiplying factor accounts for Leeson's effect, which empirically describes oscillator phase noise [20] .
To probe this effect, a cylindrical copper resonator was produced in which two modes could simultaneously oscillate with significant orthogonality. It was noted that a TM 020 mode offered a higher quality factor than a TM 010 mode without inducing significant mode crowding. A TE 011 mode was chosen for its wide frequency FIG. 1. The oxygen-free copper cavity supporting TM020 and TE011 modes of radius 2.9 cm and height tuning range 7 cm. TE mode tuning is achieved by displacing the lid with a fixed micrometer and modes are excited and probed by four inductive loop probes protruding into the cavity. Loaded Q is approximately 10,000 at room temperature.
tuning range within the cavity and its optimal overlap factor with the TM 020 mode. A quality factor of approximately 10,000 was observed for the chosen resonances. Frequency tuning of the TE 011 mode (7.5 -10.5 GHz) was achieved by manually altering the height of the cavity lid with a micrometer, while the TM 020 frequency, independent of height, remained almost stationary at 9 GHz. Transmission measurements were made by inductively coupling to the H φ component of the TM mode while coupling to the H z component of the TE mode via four loop probes penetrating the cavity.
In the Fourier frequency domain, phase fluctuations can be characterised by a one-sided spectral density, S δφ (f ), which is the Fourier transform of the autocorrelation function of phase [21] [18] . Assuming sufficient sensitivity, if the phase noise of the copper resonator exhibits behaviour associated with axion-photon coupling, it will be evident in the resultant power spectral density of phase fluctuations. Just as a traditional haloscope experiment searches for excess power in the thermal noise spectrum of the resonator, we are looking for excesses FIG. 2. The phase noise readout system. Loop oscillators support the microwave modes in the main resonator, a counter records the modes' beat and coupled to the TM loop is a reflection-type interferometric frequency discriminator (IFD), exploiting the phase-frequency relation of a reflection in a duplicate cavity to detect phase noise in the dual-mode cavity.
above the phase noise background.
Two free-running loop oscillators were constructed from the resonances and, for dynamic measurement of the beat frequency between the two modes, a fraction of each loop signal was coupled to a port of an RF mixer, the output of which was analysed by a Keysight Frequency Counter (53230A). Another fraction of the signal from the TM loop was coupled into the frequency discriminator. Fig. 2 illustrates the setup.
The frequency discriminator comprised another high-Q resonator, a phase shifter and a double balanced mixer. The reflected and phase shifted signals converged on the mixer, set to quadrature such that the output voltage was proportional to frequency noise in the axion-sensitive cavity [22] . The purpose of reflecting a sample off the external resonator was to exploit its phase-frequency distortion profile [19] . Spectral density of voltage noise (S δV ) measurements from the output of the frequency discriminator (and thus proportional to the phase noise) were taken at five cavity heights, corresponding to five spans in axion frequency space. These spectral densities were measured with a HP89410A Vector Signal Analyzer following amplification by a low-noise JFET amplifier. Measurements each spanned 1 MHz in Fourier space with an integration time of half an hour.
The S δV data in V 2 /Hz were transduced into spectral density of phase fluctuation measurements (S δφ , rads 2 /Hz) via
where F refers to the Fourier frequency and ∆f L refers to the external resonator's half-loaded bandwidth, about 1.8 MHz. The frequency-voltage conversion factor (K FD ) was determined through calibration with a synthesized modulated signal at power analogous to the oscillator . Model-fitting the acquired data to Leeson's model (i.e. characterising the cavity's intrinsic noise profile), we then examined residual phase noise above the model by subtracting the modelled phase noise background. As per Eq. 4, the origin of a residual phase noise contribution (above background) in Fourier space (at frequency Ω) may be attributed to axion interference by demonstrating its (Fourier) frequency dependence upon ω 1 ± ω 2 . Repeating a measurement at a slightly different detuning (ω 1 ± ω 2 ) would cause an axion-induced signal to be correspondingly translated in Fourier space (Ω) in the measured phase noise spectrum. Therefore, the axion search involves comparing several phase noise spectra, looking for evidence of interference consistently satisfying Eq. 4 at a range of detunings. Fig. 3 (inset) illustrates a phase noise spectrum filtered for environmental RF interference.
For the purpose of analysis, data points were averaged into axion-sized bins (corresponding to the approximate axion line-width at the probed frequency). The minimum axion-photon coupling able to be statistically excluded by the data depends upon the residual noise spread. The treatment of axion field strength follows Daw's convention [29] and phase noise is related to g aγγ as per Eq. 5.
Data-points above 3σ of the residual spectrum's mean were chosen as examinable axion candidates, as the prob- figure) . Previously excluded axion space by ADMX (Green) [11] [24] , ABRACADABRA (Teal) [25] , HAYSTAC (Pink) [26] , UF (Orange) [27] , and RBF (Yellow) [28] is also represented.
ability of the background noise breaching this level is less than 0.01%. The quoted exclusion results assume an axion with a power which has a 95% likelihood of surpassing this limit, taking into account inevitable power loss into adjacent bins, and other effects as per [29] . Through simulation of injected signals into the noise spectrum, a "power" signal at 7.8σ was found to surpass the 3σ limit with 95% confidence. As such, a persistent contribution in any one axion frequency/mass bin exceeding 3σ above the mean of the residual spread can be confidently categorised as an axion candidate, and after excluding all candidates, the existence of a 7.8σ axion signal can be ruled out in the measured region with 95% confidence.
With the TM mode resonating at 9 GHz, the results were taken with the TE mode tuned 2.8, 3.1, 3.3, 3.5 and 3.7 MHz above this value, accessing axion frequencies in the MHz range by upconversion and in the GHz range by downconversion. An approximate tuning interval of 300 kHz was chosen to enable tracking of candidate signals between measurements. Assuming an axion quality factor of 10 6 , the probed downconversion range corresponds to an axion linewidth on the order of 5 Hz, which was consequently the chosen bin width for this data analysis [29] . The residuals are here represented in decibel units, but in the following calculation of g aγγ , absolute residual phase noise (in rads 2 /Hz) was considered, lead-ing to maximum sensitivity for measurements taken at F = 1 MHz.
A minimum value for g aγγ can be deduced by equating the theorized axion contribution (from Eq. 5), with the minimum phase-noise contribution experimentally (and statistically) distinguishable above the phase-noise background (a 7.8σ signal), and solving for g aγγ . The experimental data have excluded axions in the probed mass ranges whose axion-photon coupling exceeds the limits illustrated in Fig. 4 .
UPLOAD-DOWNLOAD's next iteration will benefit from measurement automation and statistically optimal overlapped binning, width-scaling with axion frequency [29] . Measurements will begin at the lowest feasible beat frequency supported by the current experiment (about 300 kHz) and progress upwards in frequency space. Integration time will be increased to days per MHz and the noise filter will be re-calibrated every five tuning steps.
Since there is potential for improved frequency fluctuation detection at lower system linewidths, the copper cavities in this experiment are due to be replaced with sapphire and super-conducting Nb cavities, which may achieve linewidths on the order of 1 Hz at cryogenic temperatures [30] . As can be observed in Fig. 3 (inset) , the single sideband phase noise of the oscillator measured approximately -60 dBc/Hz at 1 kHz offset, which is far noisier than a state-of-the-art oscillator using frequencylocking and sapphire resonators; the best such system has measured phase noise at -160 dBc/Hz at room temperature [31] , a 10 order-of-magnitude improvement over our experiment. Additionally, it is possible in principle to improve even on this impressive device with some optimistic but realizable upgrades. As oscillator phase noise is directly related to axion-sensitivity, increasing phase stability is our most direct avenue of improvement, and is highly possible with modern equipment and techniques. Fig. 4 illustrates the sensitivities expected to be achievable using frequency-stabilized (as opposed to freerunning, as in the initial experiment) loops at room temperature, using our copper cavity, as well as if using a Nb resonator operating at the noise floor of the frequency discriminator at cryogenic (pulse-tube accessible) temperatures, with loop-sustaining amplifiers of an effective noise temperature of 8K, with a measurement time of 30 days per MHz (almost 3 orders of magnitude longer than in the first experiment). Appendix A details the reasoning behind the generation of these projected limits.
UPLOAD-DOWNLOAD tests an easily configurable interferometric axion detection method which is reproducible for future searches at different frequency ranges, including the optical range. A roadmap has been laid to reach impressive sensitivities at cryogenic temperatures. An axion signal with a coupling strength of ∼ 5 × 10 −7 1/GeV was excluded between 11.6 -19.4 neV and also between 74.45 -74.46µeV above ∼ 2×10 −3 1/GeV, with an integration time on the order of hours. The results in this Letter demonstrate the feasibility of exploiting phase and frequency metrology to develop novel and highly sensitive dark matter detection techniques, matching the sensitivity of leading DC haloscope experiments.
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This appendix will explain the rationale behind the derivation of the projected exclusion limits presented in Fig. 4 . We will also discuss the differences between these projections and those presented in previous work which underpins this (referenced here as [16] ) and present updated versions of these limits.
General Rationale
The limits here are computed by determining the expected signal-to-noise ratio (SNR) of a given configura-tion of the phase-sensitive axion detector, given by
This is the well-known radiometer equation used to determine SNR in similar experiments. Here, P φ,a is the power spectrum of the axion-induced phase shift within the experiment, in units of rad 2 . In the case of the loop oscillator experiment, this is given by
for a loop oscillator experiment, or
for an open-loop "pumped" experiment.
Here A(f ) is the power spectrum of the axion field, and the other parameters are as defined in the text. S φ in (Eq. A1) is the spectral density of phase noise within the detector, in units of rad 2 /Hz, t is the total measurement time, and BW is the bandwidth of the measurement -in this case equal to the bandwidth of the axion signal, or the inverse of the axion's coherence time.
To determine the minimum excludable g aγγ for a given configuration and measurement time, we follow a similar rational to Lorentz Invariance Violation experiments [32] , and to the preceeding work [16] . Specifically, we set the size of the signal equal to the spread of the noise background to represent the ultimate limit of detectability, and solve for g aγγ . In effect, this amounts to substituting (Eq. A2) or (Eq. A3) in (Eq. A1), and solving for g aγγ with unity SNR.
Specific Configurations
With the above rationale, we can readily compute the projected limits for a given experiment configuration. We simply take the relevant equation for the axion-induced signal, (Eq. A2) or (Eq. A3), the relevant expression for the phase noise in the system, and decide on a measurement time and bandwidth. The expressions for phase noise, S φ , are taken to be
for a free-running loop oscillator (such as the experiment in this work),
for a frequency controlled loop oscillator (FCS) operating at the noise floor of the frequency discriminator and white noise background, or
for an open-loop "pumped" experiment, where S φ,p is the phase noise spectral density of the pump signal. Through (A4), (A5), and (A6), f 0 is the carrier frequency, f m is the Fourier or modulation frequency, ∆f is the resonator line-width, Q is the resonator quality factor, F is the noise factor of the loop sustaining amplifier, k B is the Boltzmann constant, T 0 is the physical temperature, P is the incident power on the resonator, T ef f is the effective noise temperature of the amplifier, P amp is the power incident on the amplifier, and β is the resonator coupling constant. The parameters assumed in these equations for the estimated projections are discussed in the text, and in the captions where relevant.
Comparison with Previous Work
In the previous work which underpins this experiment [16] , an approximation was made which generated slightly different projected limits. In this approximation it was assumed that the minimum detectable signal in radians would be given by
This was then compared for the above values of S φ ((A4),(A5), or (A6)), with the axion induced phase shift in radians, which was taken to be the square root of (A2) or (A3) as appropriate. This approximation would be completely true if the axion were an infinitely coherent source, rather than having some finite coherence time. The method presented here explicitly takes into account the finite coherence time of the axion field.
Updated Projections from Previous Work
We will now present updated projected exclusion limits for some of the scenarios outlined in [16] , utilizing the new methods outlined above. The captions discuss the various experimental schemes which lead to these limits. Generally, the experimental parameters and scan strategy are the same as their counterpart in [16] . The black limits are for a free-running loop oscillator, whereas the red limits are for a state-of-the-art frequency controlled loop oscillator operating at the noise floor of a semi-cryogenic frequency discriminator with some white noise, with optimistic but achievable parameters, and within a feasible laboratory measurement timeframe as per [16] . The solid red and black lines represent the regions that could be excluded in a "broadband" style experiment, where the two resonances are tuned to a degenerate frequency, and we search in the Fourier spectrum, whereas the dashed limits represent the region that could be covered by scanning the experiment, gradually detuning the resonances. It is assumed that the resonances begin at 9 GHz, and one remains stationary whilst the other tunes such that the upconversion frequency condition is met. The noise parameters, scanning time, and scanning strategy are all as per [16] . The dashed limits represent the sensitivity that could be reached at a given desired axion frequency, as opposed to a region that could be excluded in a single measurement. CAST's limit [23] , popular QCD axion model limits, and that set by SN1987A are shown [1] . 6 . Projected exclusion limits for the downconversion regime with a loop oscillator style experiment. The black limits are for a free-running loop oscillator, whereas the red limits are for a state-of-the-art frequency controlled loop oscillator operating at the noise floor of a semi-cryogenic frequency discriminator with some white noise, with optimistic but achievable parameters, and within a feasible laboratory measurement timeframe as per [16] . The dashed limits represent the region that could be covered by scanning the experiment, gradually detuning the resonances. It is assumed that the resonances begin at 9 GHz, and one remains stationary whilst the other tunes such that the downconversion frequency condition is met. The noise parameters, scanning time, and scanning strategy are all as per [16] . The dashed limits represent the sensitivity that could be reached at a given desired axion frequency, as opposed to a region that could be excluded in a single measurement. CAST's limit [23] , popular QCD axion model limits, and that set by SN1987A are shown [1] . The pump signal is assumed in both the red and black limits to originate from a state-of-the-art cryogenic sapphire oscillator operating at the noise floor of a semi-cryogenic frequency discriminator and white noise background. The black limits represent what can be achieved with pumping of a room temperature copper cavity, whereas the red limits represent pumping of a cryogenic cavity with the same parameters as the pumping cryogenic sapphire oscillator. The solid red and black lines represent the regions that could be excluded in a "broadband" style experiment, where the two resonances are tuned to a degenerate frequency, and we search in the Fourier spectrum, whereas the dashed limits represent the region that could be covered by scanning the experiment, gradually detuning the resonances. It is assumed that the resonances begin at 9 GHz, and one remains stationary whilst the other tunes such that the upconversion frequency condition is met. The noise parameters, scanning time, and scanning strategy are all as per [16] . The dashed limits represent the sensitivity that could be reached at a given desired axion frequency, as opposed to a region that could be excluded in a single measurement. CAST's limit [23] , popular QCD axion model limits, and that set by SN1987A are shown [1] . The pump signal is assumed in both the red and black limits to originate from a state-of-the-art cryogenic sapphire oscillator operating at the noise floor of a semi-cryogenic frequency discriminator and white noise background. The red limits represent what can be achieved with pumping of a room temperature copper cavity, whereas the black limits represent pumping of a cryogenic cavity with the same parameters as the pumping cryogenic sapphire oscillator. The dashed limits represent the region that could be covered by scanning the experiment, gradually detuning the resonances. It is assumed that the resonances begin at 9 GHz, and one remains stationary whilst the other tunes such that the downconversion frequency condition is met. The noise parameters, scanning time, and scanning strategy are all as per [16] . The dashed limits represent the sensitivity that could be reached at a given desired axion frequency, as opposed to a region that could be excluded in a single measurement. CAST's limit [23] , popular QCD axion model limits, and that set by SN1987A are shown [1] .
